Paralysis of the diaphragm is an uncommon condition, which may result in dyspnoea on excertion and in orthopnea. In patients who have symptoms, the paralysed diaphragm is often plicated to prevent its paradoxical movement on inspiration. This procedure brings relief to many patients, but the mechanism for this improvement is not well understood.
Introduction
Paralysis of the diaphragm is an uncommon condition, which may result in dyspnoea on excertion and in orthopnea (1) . The diagnosis is often made incidentally when a chest X-ray is taken, showing an elevated hemidiaphragm. In patients who have symptoms, the paralysed diaphragm is often plicated to prevent its paradoxical movement on inspiration. This time-honoured approach indeed brings relief to many patients, but the mechanism for this improvement is not well understood. Furthermore, it remains unknown whether symptomatic relief also translates into an improvement of exercise tolerance. The studies by Freeman et al. and Higgs et al. showed that after plication of the diaphragm, spirometric and static lung volumes return to values within normal limits but changes in lung function tests were relatively small, raising the question whether such changes can explain the symptomatic relief (2, 3) . Cardiopulmonary exercise testing might provide additional insights to unravel the mechanisms that underlie the relief of exercise induced dyspnoea since this test enables the study of the effects of surgery on ventilatory, circulatory and gas exchange parameters at exercise. In addition, this test provides insight on the impact of surgery on maximal exercise tolerance. For this reason, we performed cardiopulmonary exercise tests on patients diagnosed with hemidiaphragm paralysis before and after plication of the diaphragm.
Materials and Methods
Nine symptomatic patients, four males and five females with the mean age of 61 years (range 40-77 years; table I) who underwent plication of an unilateral paralysed hemidiaphragm were prospectively evaluated. Different techniques are used in a single surgical team. The surgical plication techniques were a thoracotomy, limited thoracotomy, VATS or a laparoscopic approach (table 1) . Diaphragm elevation was diagnosed by chest radiography and all patients underwent a "sniff"-test during fluoroscopy and computer tomography to further assess the elevated hemidiaphragm and paradoxical diaphragm movements and to exclude intrathoracic disease. All patients underwent pulmonary function tests and cardiopulmonary exercise tests. These tests were performed with a median time of 63 days (range 21-269 days) before surgery and repeated at a median time interval of 92 days (range 50-290) after surgery.
Table1
Patients characteristics and residual volume (RV) was measured through bodyplethysmography, which also provided specific airway-conductance scores (sGaw). The transfer factor for carbon monoxide (DLCO) was measured by a single breath manoeuvre with 0.3% CO and 0.3% CH4 as test gas mixture according to ATS/ERS guidelines (5). This measurement also produces an estimate of alveolar volume (VA). Pulmonary function tests were performed on the Viasys Vmax-Spectra 22 series by Carefusion (Yorba Linda CA, USA), using software version 12-7. PFT systems as well as the bodyplethysmograph of this series were used.
Cardiopulmonary exercise test
Patients underwent cardiopulmonary exercise tests (CPET) following a standardized, incremental load protocol (6) . The protocol consisted of a three-minute baseline cycling level, a consecutive three-minute unloaded-peddling period at 60 rpm followed by cycling with a progressive increase in workload of 5 -20 watt with one minute intervals until exhaustion. CPET yielded breath-by-breath data on ventilation (V"E), tidal volume (Vt), breathing frequency (RR), oxygen uptake (V"O2) and heart rate (HR). Oxygen saturation was measured continuously by pulsoximeter (Nonin 9600). Further, derived, indices consist of the O2-pulse (V"O2/HR and inspiratory to total breath-time (Ti/Ttot). Lung and ventilatory volumes are always calculated to body-temperature and 100% relative humidity conditions; body temperature and pressure-saturated conditions. Additional analyses were done on the development of breathing frequency and tidal volume during exercise. For this purpose the measurements during the last 20 seconds of each minute were averaged and used for analysis. The exercise tests were performed using an Ergoselect 1000L Ergometer or an Ergoselect 1200P Ergometer in combination with the Viasys Vmax Spectra 22 metabolic software (version 12-7) by Carefusion.
Statistical analysis
Continuous data are expressed as median and range. Comparisons for all parameters before and after surgery were performed by means of Wilcoxon signed rank tests. Data on ventilation, gas-exchange and heart rate measured at maximum-exercise levels before and after plication were also evaluated by Wilcoxon signed-rank tests. Absolute values preand post-plication were compared pair wise. The analyses of ventilation and breathing data were performed by univariate analyses of variance with "diaphragm plication" as a fixed factor, "subject" as a random factor and "ventilation" as a covariate. A p-value <0.05 was regarded as statistically significant. All statistics were performed by SPSS version 15.0.
Results
The principle symptom in all patients was progressive dyspnoea. All patients had an elevated hemidiaphragm and radiologically proven paradoxical movement prior to surgery. The outcomes of pulmonary function testing before and after plication are given in table 3. Pulmonary function tests revealed that VC and FEV1 both increased by 10% relative to predicted values (p=0.008 and p=0.021 respectively). Of the static lung volumes the TLC increased significantly (p=0.028) with 4% relative to predicted values. Although the absolute decrease in RV was not significant (p=0.352), the change in relative RV (RV/TLC ratio) of -16% relative to predicted values was significant (p=0.046). Table 4 shows the changes in cardiopulmonary exercise parameters measured at maximum exercise level as percentage of values before diaphragm plication. It was found that parameters measured at maximum load during CPET did not change on average (Table 4 ). The tidal volume at maximum exercise load however showed an average increase of 18% (p=0.008). The mean heart rate reserve, the difference between a person's resting heart rate and maximum heart rate a patient could achieve, at the end of CPET was 33 ± 22 beats per minute (bpm) before diaphragm plication it was similar to the heart rate reserve after plication (29 ± 26 bpm) (p=0.624). The ventilatory reserve, the difference between the maximum ventilation rate that an individual can theoretically achieve and the ventilation rate that is actually achieved at a given time point, at peak exercise was 24 ± 14 litres BTPS.min -1 and did not change significantly after the operation when ventilatory reserve measured 27 ± 13 litres BTPS.min -1 (p=0.859) before diaphragm-plication and none of the patients had limiting ventilatory reserves after this procedure. Confounding factors of the ventilatory reserve such as obstructive pulmonary diseases, could limiting the increase of ventilation rate, and therefore the potential for increasing the intensity of activity. Patients with hemidiaphragm paralysis before surgery were found to have lower tidal volumes at any given ventilation rate during exercise than normal subjects, the mean difference being 0.21 litres BTPS (p<0.0001). A clear and consistent change was found in the manner in which patients increased their ventilation during exercise after surgery. All patients showed an increase in tidal volume for a given ventilation rate, which was significant (analysis of variance (ANOVA); p=0.003). After the plication procedure the values approached those of the control group with a small difference of 0.08 litres BTPS (s.e. 0.03; p=0.016). The respiratory rate was significantly higher for any given ventilation rate in patients before operation when compared with control subjects, the mean difference being 6.3 breaths per minute (s.e 0.8; p<0.0001). The plication procedure reduced respiratory rate for any exercise level in all patients, and this effect was more pronounced during exercise, most likely due to the increase in tidal volumes at exercise in comparison with those before operation (table 5). 
Discussion
The main finding of our study is that after plication, tidal volumes at any given exercise level significantly improved concurrent with a decrease in ventilatory frequency. Furthermore, we found an improvement in FEV1. Maximal exercise tolerance remained unaltered.
In the present study, we found a mean vital capacity (VC) improved from 67% (of predicted value) pre-operative to 77% postplication. Forced expiratory volume in 1 s (FEV1) improved from 62% to 72% (of predicted value). This is in agreement with the literature. During the follow-up, Groth and Andrade showed that after transthoracic plication maximum forced inspiratory flow (FIFmax%) improved at 1 month (+22%) and 1 year (+16%). Although Groth found significant improvements in PFTs, they noted a more profound improvement in all components of their respiratory quality-of-life scores (7). In addition, Versteegh et al. found during the long-term follow-up that spirometry parameters improved significantly. Mean vital capacity (VC) in the seated position improved from 70% (of predicted value) to 79% and in the supine position from 54% to 73%. Forced expiratory volume in 1 s (FEV1) in the supine position improved from 45% to 63%. Before surgery, the mean decline on VC changing from the seated to the supine position was 32%. At the followup this had improved to 9%. For FEV1 these values were 35% and 17%, respectively (8) . In contrast to the study of Versteegh, Higgs et al. found
only a limited effect of positional changes on pulmonary function, both before and after surgery (3). Freeman et al. assessed patients both by PFT and the dyspnoea scores and found significant improvements in patients" functional status, pulmonary spirometry, and MRC dyspnoea scores. All spirometric volumes improved after diaphragm plication but modestly by ~20%. (8) .
Although, pulmonary function tests provide objective measures to assess dyspnoeic patients with diaphragm paralysis these outcomes were found not to be related to severity of dyspnoea (7). This can be explained by the fact that improvements in PFT were relatively small. In addition, dyspnoea sensation in diaphragm paralysis is not present at rest but during exercise. For this reason cardiopulmonary exercise tests are mandatory to explain the improvement of exercise related dyspnoea in diaphragm paralysis in physiological terms. The present study is the first that analyses patients with paralysis of the hemi-diaphragm by means of CPET-testing. In the present study, we found that tidal volumes during exercise at any given work rate improved after plication. Figure 1 shows the tidal volume as a function of ventilation in the range from 0 to 25 litres BTPS.min -1 . ´Pre-plication´ differs significantly from ´post plication´ (p<0.001) and from ´matched normal subjects´ (p<0.001). ´Post-plication´ does not differ significantly from the ´matched normal subjects´. A clear and consistent change was found in the manner in which patients increased their ventilation during exercise after surgery. All patients showed an increase in tidal volume for a given ventilation rate. The most likely explanation for this improvement might be that plication of the diaphragm prevents paradoxical movements of the paralysed diaphragm allowing for an increase in tidal volume. As a consequence, breathing frequency was lower for any level of exercise. This is in line with the study of Takeda who showed in dogs with uni-or bilateral phrenic nerve paralysis that diaphragmatic plication for unilateral paralysis is more effective than for bilateral paralysis, indicating that an improvement in kinetics of the intact hemidiaphragm plays an important role in functional recovery (9) . Since it is well known that breathing frequency is a main determinant of dyspnoea sensation as this parameter is a main contributor to the work of breathing (10, 11, 12) this could explain the symptomatic relief of exercise induced dyspnoea after plication. This also fits with the recent work of Gazala et al., showing that the work of breathing per liter of ventilation was increased, which improved after repair of unilateral diaphragmatic paralysis (13) .
Other parameters such as ventilator efficiency (VECO2) and circulatory parameters did not change after plication indicating that gas exchange and circulation remains unaffected by surgery. Maximal exercise tolerance did not improve after plication. The explanation is given by the fact that exercise limitation is circulatory determined and not ventilation dependent in healthy subjects. This was also true in seven out of nine of our patients, showing still a ventilator reserve persisting at maximal exercise before operation. After the procedure all the patients showed a ventilatory reserve at maximal exercise. 
Conclusion
In patients with hemidiaphragm paralysis who underwent a diaphragm plication exercise tidal volumes increased and the ventilatory frequency decreased. Despite this improvement, maximal exercise capacity remained unaltered.
Clinical implications
Since our study suggest that an increase in tidal volume and a decrease in breathing frequency are the most likely explanations for the symptomatic relief of patients, exercise tidal volume might help to preselect patients who will or will not benefit from surgery. In addition, our results show that the patient should be informed preoperatively that surgery will provide relieve from symptoms but not an increased maximal exercise capacity.
